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Introduction
The concept of dual targeting, either with antibody combinations or bispecific antibodies, is based on the targeting of multiple disease modifying factors with one drug. [1] [2] [3] [4] [5] [6] Advancement in molecular engineering and expression technologies now allows efficient production of bispecific antibodies, which generally offer a simpler development path because pre-clinical and clinical testing can be done with one molecule. Extensive knowledge and infrastructure on developing therapeutic monospecific immunoglobulins (IgGs) have created a trend for IgG-like bispecifics. These molecules are either symmetrical or asymmetrical. The main difference between the 2 is that the former is bivalent, while the latter is monovalent, for each target. The concept of monovalent bispecific IgG is thought to have a unique therapeutic niche 7, 8 in that they (i) do not cause receptor homodimerization, (ii) potentially have reduced toxicity on non-target tissues due to loss of avidity for each antigen, and (iii) have better selectivity when both antigens are either selectively restricted or abundantly expressed on target cells.
Asymmetric bispecific molecules are relatively hard to make because they involve heterodimerization of 2 distinct heavy chains and correct pairing of the cognate light chain (LC) and heavy chain (HC). Heterodimerization of the HCs has been addressed by several techniques, such as knobs-into-holes (KIH), 9 electrostatic steering of C H 3, 10 C H 3 strand exchanged engineered domains, 11 and leucine zippers, 12 The pairing of the correct light and heavy chains has been ensured by using one of these HC heterodimerization techniques along with the use of a common light chain, 13 domain cross-over between C H 1 and C L, 14 coupling of the heavy and light chains with a linker, 15 in vitro assembly of HC-LC dimers from 2 separate monoclonals, 16, 17 or interface engineering of the entire Fab domain. 18 A recent report about an epidermal growth factor receptor (EGFR) and IGFR targeted bispecific antibody employed a single-chain Fab arm where one LC is linked to its corresponding heavy chain by a 32 amino acid linker peptide. 19 Some of these approaches 15, 19 deviate significantly from the natural IgG architecture, while the general applicability of others 18 is not yet completely known. The only approach that does not face chain pairing problems and yet yields a natural human IgG-like bispecific is the "twoin-one" technology. 20 However, since it requires extensive engineering of the complementarity-determining regions (CDR), the 2-in-one technology is not a generic design. Moreover, introducing 2 different specificities into the CDRs of one antibody is not only technically challenging but can lead to bivalency for each target. Thus, there is an increasing trend toward development of general and robust approaches for the generation of monovalent bispecific antibodies with native chain structure. 21 Utilizing the power of the KIH technology for HC heterodimerization, we developed a new technology for enhanced cognate HC and LC pairing for making monovalent bispecific IgGs. The approach, called DuetMab, replaces the native interchain disulfide bond within one of the 2 C H 1-C L interfaces with an engineered interchain disulfide bond. The DuetMab molecules maintain the structure and developability properties of natural IgGs. We provide herein a comprehensive biochemical, biophysical and functional analysis of one DuetMab directed against EGFR and human epidermal growth factor receptor (HER)2 and another DuetMab against CD4 and CD70 to validate the platform. To the best of our knowledge, we show for the first time, using these 2 different DuetMabs, binding to both antigens on the surface of the same cell.
Results
An engineered disulfide bond in one of the 2 C H 1-C L interfaces promotes correct HC-LC pairing in DuetMabs A set of 3 different positions in the C H 1-C L interface were identified by structural modeling and predicted to favor the formation of a disulfide bond by introduction of a pair of cysteines. The idea was to replace the native disulfide bond in one of the 2 C H 1-C L interfaces with the engineered disulfide bond while leaving the wild type disulfide bond in the other Fab arm unchanged.
Three different position pairs were tested for engineering the new disulfide bond. One of the 3 was found to promote nearly 100% monovalent bispecific IgG formation ( Table 1) . This variant had F 126 in the HC and S 121 in the LC substituted to cysteine (HC: F 126 C/LC: S 121 C) and was selected for making monovalent bispecific IgGs termed DuetMabs (Fig. 1) . The HCs and LCs used for this study were specific for interleukin-6 (IL-6) and receptor for advanced glycation endproducts (RAGE). The efficiency of correct heavy and light chain pairing was determined by AlphaLISA using reference standard and benchmark bispecific samples. When wild-type anti-RAGE and anti-IL-6 antibodies are co-transfected and co-expressed, 4 different IgGs should in theory be formed, all of which can be purified by a protein A affinity matrix. Our reference standard was the material that theoretically should have about 12.5% correctly assembled monovalent bispecific IgG. 4 When this reference standard was sequentially purified using an IL-6 and RAGE affinity matrix, we got a pure preparation of monovalent bispecific IgG. This material served as our benchmark, and the AlphaLISA signal obtained with it was used to set a reference of nearly 100% bispecificity (Table 1) . Therefore, cysteine-engineered variants that showed improved AlphaLISA signal over the reference standard and approaching that of the benchmark indicated better pairing of cognate heavy and light chains.
Physico-chemical characterization of purified EGFR-HER2 DuetMab show correct pairing between heavy and light chains
DuetMabs composed of cetuximab and trastuzumab (EGFR-HER2 DuetMab) and CD4-CD70 were produced by transient co-transfection of HEK293F cells with equimolar concentration of 2 plasmids, the pDuet-Heavy and pDuet-Light vectors as described in the Materials and Methods. The antibody titer for the EGFR-HER2 DuetMab was 150 mg/l, while that for cetuximab and trastuzumab were 90 mg/l and 200 mg/l, respectively. Likewise, the titer for CD4-CD70 DuetMab was 193 mg/l while that of the CD4 and CD70 parental mAbs were 241 and 209 mg/l, respectively. Thus antibody titers for both the DuetMabs correlated well with the expression levels of the 2 parental IgGs. DuetMabs were purified using standard protein A chromatography. Purity and chain composition were determined by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), analytical size exclusion chromatography (SEC), reversed-phase high performance liquid chromatography (RP-HPLC), and electrospray ionization mass spectrometry (ESI-MS). By SEC, both, EGFR-HER2 DuetMab (Fig 2A) and CD4-CD70 DuetMab (Fig. S1A) showed a single peak with very low levels of aggregates and no fragments or free chains. The peaks for each DuetMab was similar to those for the parental molecules (result not shown). The EGFR-HER2 and CD4-CD70 DuetMabs had molecular masses similar to that of whole IgG. The expected and measured intact mass of the EGFR-HER2 DuetMab was 144,986 Da (Fig. 2B) and that of the CD4-CD70 DuetMab was 145,650 Da (Fig. S1B) as determined by reversed-phase liquid chromatography-mass spectrometry (RP-HPLC-MS). In comparison, the mass of cetuximab and trastuzumab was found to be 145,032 Da and 145,224 Da, respectively and that of anti-CD4 and anti-CD70 were 146,551 Da and 144,973 Da, respectively (result not shown). No free heavy and light chains were detected by RP-HPLC.
The EGFR-HER2 DuetMab is composed of 4 different chains. Figure 2C shows the chain composition and electrophoretic profile of EGFR-HER2 DuetMab and Fig. S1C shows the same for CD4-CD70 DuetMab. Under non-reducing RP-HPLC, the intact EGFR-HER2 DuetMab eluted as a single peak at 27.7 min (Fig. 2C) , which was intermediate between cetuximab (28.9 min) and trastuzumab (26.4 min) (result not shown). Free heavy and light chains were not detected. Under reducing conditions, the DuetMab separated into 4 stoichiometric fractions, corresponding to the 4 chains comprising the molecule. The retention times of the heavy and light chains of the DuetMab were similar to the retention time for the heavy and light chains of the 2 parental IgGs (cetuximab HC: 20.3 min and LC: 15.6 min; trastuzumab HC: 18.1 min and LC: 14.3 min). Similar observations were made for the CD4-CD70 DuetMab (Fig. S1C) . Under non-reducing conditions the DuetMab eluted as a single peak at 25.9 minute compared to anti-CD4 and anti-CD70 eluting at 25.7 and 26.2 minutes, respectively (result not shown). Under reducing conditions the DuetMab separated into 4 stoichiometric fractions, corresponding to the 4 chains comprising the molecule (Fig. S1C) . The retention times of the heavy and light chains of the DuetMab were similar to the retention time for the heavy and light chains of the 2 parental IgGs (anti-CD4 HC: 9.1 min and LC: 6.4 min; anti-CD70 HC: 9.6 min and LC: 6.2 min).
Peptide mapping showed that all predicted inter-chain disulfide bonds were formed and there was no disulfide scrambling between heavy and light chains of EGFR-HER2 DuetMab ( Fig. 2D and Table S1 ) and CD4-CD70 DuetMab (Fig. S1D and Table S2 ). As indicated by red arrows in Figure 2D , 2 peptides eluting at 9.6 min and 41.4 min were identified as the disulfide-linked light and heavy chain pair of cetuximab (designated as X) and trastuzumab (designated as Y) Fab arms. No peptides corresponding to non-cognate chain pairing were identified. The blue arrow indicates peptide fragment resulting from heterodimerization of the 2 different heavy chains. No peptide representing a homodimerized Fc was found. Under reducing conditions only peaks corresponding to disulfide bond-containing peptides disappeared (result not shown). Similar observations were made for the CD4-CD70 DuetMab. We have also measured the amount of free cysteines in the EGFR-HER2 DuetMab and found that only about 0.3% free cysteine is detected in the engineered Fab arm ( Table 2 ). The sensitivity of our assay system is thus below 1%, and any significant chain mispairing would have been detected in the peptide mapping analysis. Pairing of cognate heavy and light chains was also confirmed by LC-MS analysis of fragments generated by papain digestion of the 2 DuetMabs. As shown in Figure 2E , the EGFR-HER2 DuetMab generated 3 distinct fragments, one corresponding to the KIH-linked cetuximab-trastuzumab hybrid Fc and 2 Fabs. Of these, one Fab corresponded to the cetuximab Fab and the other to the trastuzumab Fab. In contrast, each of the 2 parental antibodies had only one Only inter-chain and the engineered intra-chain disulfide bond-linked cysteines in the CH3 domain are shown. Free thiols are capped using N-ethylmalimide (NEM) before Lys-C digestion. The percentage of free cysteines were calculated using selected ions of Cysteine containing peptides with NEM addition divided by the selected ions of reduced peptides. As low as 0.2% free thiol or disulfide-bond scrambling can be detected.
Fc and one Fab (data not shown). Similar observations were made for the CD4-CD70 DuetMab (Fig. S1E) .
DuetMab folds like wild-type Fab
The structure of the DuetMab Fab was solved by x-ray crystallography (Fig. 3) to confirm the formation of a new disulfide bond between C 126 of C H 1 and C 121 of C L and to assess whether the disulfide engineering had any effect in the folding of the Fab domain. Crystals of the DuetMab Fab diffracted to 2.1 A resolution and the structure was solved by molecular replacement using Phaser 22 from CCP4 suite. 23 Trastuzumab Fab (PDB entry 1N8Z, ref. 24 ) was used as the template for molecular replacement. 1N8Z Fab is highly homologous to the DuetMab Fab differing in only 4 amino acids corresponding to the engineered cysteines and removal of the wild type disulfide bond. (Table S3 ). This crystal structure suggests that the engineered disulfide bond and the absence of a conventional one Table 2 ). (E) RP-HPLC analysis of papain digested EGFR-HER2 DuetMab. DuetMab eluted in 3 stoichiometric fractions corresponding to the heterodimeric Fc and 2 differentiated Fabs.
did not change the overall structure of the DuetMab Fab domain. The electron density map confirmed the creation of a new disulfide bond at the location of the newly introduced cysteine residues.
Differential scanning calorimetric study of the EGFR-HER2 DuetMab and the parental antibodies was performed to assess the overall stability of the IgGs. As shown in Figure 4A , the 2 parental IgGs, trastuzumab and cetuximab had different onset of unfolding temperatures (T m, onset ) of 60 C and 53 C, respectively, and showed markedly different T m profile. In comparison, the DuetMab exhibited a T m profile that was intermediate between the 2 parents and showed a T m, onset of 55 C. This is in contrast to the unfolding of the wild type and disulfide engineered Fab where we see the latter to have 9.5 C lower T m (result not shown). We have also measured the T m, onset of the anti-CD4, anti-CD70 antibodies and the corresponding DuetMab and found the T m, onset to be 62 C, 61 C and 58 C, respectively ( Fig. 4B) indicating that the engineered disulfide bond does not significantly affect the T m, onset of the whole DuetMab molecules.
DuetMab can concurrently bind to 2 antigens and show improved cell selectivity by binding 2 antigens on the same cell
When captured on an anti-Fc biosensor, the DuetMab was able to bind both HER2 and EGFR simultaneously (Fig. 5A) . Concurrent binding was also seen when biotinylated forms of HER2 and EGFR antigens were immobilized on separate streptavidin biosensors and then sequentially exposed to the DuetMab and the other antigen (Fig. 5B, C) . In both orientations, the DuetMab demonstrated simultaneous binding to both antigens while the parental anti-EGFR and anti-HER2 IgGs exhibited specific binding only to their respective antigen.
Single cell flow cytometry was used to study cell selectivity by 2 separate DuetMabs. The anti-CD4-anti-CD70 DuetMab was used to study specificity for cells that differentially co-express the 2 antigens. We showed that this DuetMab can preferentially bind to a population of T cells coexpressing CD4 and CD70 in a mixture that also contains CD4 C CD70 ¡ T-cells and CD4
¡ CD70 C B-cells (Fig. 6A ). To prove that this preferential binding was due to increased avidity conferred by concurrent engagement of both antigens, we used fluorescent dye labeled soluble CD4 (sCD4) and soluble CD70 (sCD70) to detect free antigen binding sites on the DuetMab bound to a cell. As measured by an anti-Fc reagent, the DuetMab bound to double-and singlepositive cells in a dose-dependent manner (Fig. 6B, C) . On double-positive cells very little sCD4 and almost no sCD70 binding was detected ( shown). Conversely, in the CD4 C CD70 ¡ cells, sCD70 showed increased binding with increasing dose of the DuetMab (Fig. 6C , blue circle), but sCD4 showed no binding (not shown). The degree of DuetMab binding to the 3 different cell types varied from donor to donor or from one cell line to another but it was always much stronger on the CD4 C CD70 C double positive cell and this binding was due to engagement of the DuetMab to both antigens on the same cell (Fig. S5A) .
We also tested the ability of a DuetMab for preferential binding to cells in a mixture where the 2 antigens are co-expressed at different levels on different cells. We showed that the EGFR-HER2 DuetMab bound better to cells that enabled both arms of the DuetMab to bind antigen, thereby creating an avidity effect. Med . Very little binding by the soluble antigens was detected (Fig. 6E, F red triangle) , indicating that both arms of the DuetMab are bound to the cell. On SKBr3 (EGFR Low HER2 Hi , green square in Fig. 6D-F ) and A431 (EGFR Hi HER2 Low , blue circle in Fig. 6D-F ) cells, binding of sEGFR (Fig. 6E) and sHER2 (Fig. 6F) , respectively, increased with increasing DuetMab concentrations. In contrast the binding of sHER2 and sEGFR on SKBR3 and A431, respectively, did not show a strong binding with increasing dose (Fig. 6E blue circle and 6F green box). These results indicate that on SK-OV3 the DuetMab engaged in bivalent binding by both the EGFRand HER2-binding arms, but a significant portion of the DuetMab was bound monovalently by the HER2-binding arm on SKBr3 and by the EGFR-binding arm on A431. The magnitude of EGFR-HER2 DuetMab binding to the 3 different cells varied from one experiment to another but it was always stronger on SK-OV3 compared to SKBr3 and A431 and this strong binding was due to the engagement of both antigens on the surface of SK-OV3 cells (Fig. S5D) . These results suggests that DuetMabs can engage 2 antigens on the same cell and thereby have better specificity for the target cell.
EGFR-HER2 DuetMab retain antigen and Fc receptor binding kinetics of the parental antibodies
The binding kinetics of the EGFR-HER2 DuetMab to the 2 antigens were determined by Octet analysis. Antibodies were captured on an anti-Fc sensor chip to allow analysis of a 1:1 interaction between antibody and antigen. As shown in Table 4 and Fig. S2 the binding kinetics of the DuetMab to each antigen were similar to the parental IgGs for their respective antigens. The binding affinity of the EGFR-HER2 DuetMab to various human Fcg receptors, FcRn, and C1q was determined by steady- Quantitative receptor density analysis was determined by QIFIKIT. Cells were incubated with anti-EGFR mouse mAb or anti-HER2 mouse mAb at saturating concentrations of 10 mg/ml followed by labeling with AlexaFluor Ò 488 -conjugated goat anti-mouse IgG F(ab)2 at 20 mg/ml. Optimal primary and secondary antibody concentrations were determined by titration. QIFIKIT Bead standards coated with defined amounts of anti-CD5 mouse mAb were labeled in same manner and were used for the generation of a calibration curve. The receptor density values and the § s.d. represent the mean value of duplicate reads. state equilibrium binding assay on ProteOn. As shown in Table 5 and Fig. S3 the binding kinetics of the DuetMab for the different Fcg receptors and C1q are indistinguishable from the 2 parental antibodies and NMGC, an isotype control human IgG1. The binding to human and cynomolgus FcRn at pH 6 was indistinguishable and no binding was evident at pH 7.4.
EGFR-HER2 DuetMab mimics parental antibodies in cell viability, antibody-dependent cell-mediated cytotoxicity and anti-tumor activity
The biological activity of the EGFR-HER2 DuetMab was compared to the parental antibodies, the monovalent forms of the parental antibodies and combination of the 2. Its effect on the viability of NCI-H358 cells was comparable to a combination of the 2 parental mAbs and significantly more potent than the activity of each (Fig. 7A) . The same result was observed when SK-OV3 cells were used (data not shown). The EGFR-HER2 DuetMab induced antibody-dependent cell-mediated cytotoxicity (ADCC) in SK-OV3 cells with the same potency as trastuzumab, which was most active compared to cetuximab or the monovalent forms of each (Fig. 7B) . In the NCI-H358 xenograft model, the EGFR-HER2 DuetMab demonstrated significantly better tumor growth inhibition when compared with the isotype control NMGC IgG or the EGFR-NMGC and HER2-NMGC control DuetMabs and showed similar activity to the combination of the 2 monovalent antibodies (Fig. 7C) . These results 1.4
Kinetic measurements to EGFR and HER2 antigens were measured by biolayer interferometry on an Octet384 instrument. The equilibrium dissociation constants, K D , were calculated as the ratio of k off /k on from a non-linear fit of the data.
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DuetMab has similar pharmacokinetics to natural IgG
Severe combined immune deficiency (SCID) mice and human FcRn transgenic mice were used to determine the pharmacokinetic profile of the EGFR-HER2 DuetMab and parental IgGs. All samples had half-lives of »11 days for the SCID model and »2 days for the human FcRn transgenic model ( Table 6 and Fig. S4 ). The faster clearance in human FcRn transgenic compared to SCID mice carrying wild-type mouse FcRn is likely due to lower overall expression of the transgene 25 and the higher affinity of mouse FcRn for human IgG. 26 
Discussion
DuetMab is a monovalent bispecific design consisting of 2 different heavy and light chains. Pairing of cognate chains is ensured by replacing the native C H 1-C L interchain disulfide bond of one of the Fab arms with an engineered disulfide bond and combining this in the context of KIH in the C H 3 domain. We showed that DuetMab preserves the major properties of natural IgG and, further, by binding to 2 targets on the same cell, it compensates for the loss of avidity that can arise because of monovalency for each antigen.
The DuetMab composed of 2 marketed mAbs, anti-EGFR (cetuximab) and anti-HER2 (trastuzumab), descri-bed here demonstrates the feasibility of the platform. Targeting both antigens is important because co-expression of EGFR and HER2 in cancers confers a poor prognosis, 27,28 and the 2 pathways are known to be bypassed in monotherapy. 29 A growing number of in vitro and in vivo studies suggest that dual inhibition of these receptors have therapeutic benefits. [30] [31] [32] Through a variety of biophysical, biochemical and biological assays, we conclude that the EGFR-HER2 DuetMab exhibits properties similar to trastuzumab and cetuximab or a combination of the 2. This is valuable because developing a single drug substance such as a DuetMab is generally simpler than a cocktail of 2 antibodies.
Through two examples we demonstrate that the selectivity of the DuetMab for its target cell is determined by simultaneous Kinetic measurements were performed on a surface plasmon resonance-based ProteOn biosensor using steady-state equilibrium binding assay. engagement of both antigens on the surface of the same cell. This creates an avidity effect such that, at low concentrations, DuetMabs show high specificity for double-expressing cells. While this would be expected to be true for other monovalent bispecific antibodies, to the best of our knowledge we are the first to demonstrate concurrent binding of a monovalent bispecific antibody to both antigens on the same cell. Because EGFR and HER2 are expressed separately on several normal tissues, a combination treatment with cetuximab and trastuzumab can have toxicities as seen in monotherapy with each antibody. 33, 34 Because DuetMab exhibits better selectivity for cells expressing both the antigens compared to cells expressing one or the other antigen, we expect EGFR-HER2 DuetMab to have a favorable toxicity profile compared to a combination of cetuximab and trastuzumab. However, this can only be evaluated through further studies in non-human primates. Finally, although in this study we have demonstrated the principle of the DuetMab technology using antibodies directed against 2 different pairs of membrane receptors, we have so far generated 32 other DuetMabs against soluble targets and combinations of membrane and soluble targets. Most of these DuetMabs comprised of either Vk or Vl on both Fab arms or combinations of Vk and Vl. In total 16 different germlines for VH and 15 different germlines for VL have been tested in the DuetMab format. Also a few of the DuetMabs were made with mouse VH and Vk belonging to 3 different germline genes for each chain (Table S4 ). In each case the expression levels, biophysical and biochemical properties were similar to the parental antibodies, much like what we have seen with the EGFR-HER2 and CD4-CD70 DuetMabs. The combined results from all the studies lead us to conclude that, because the DuetMab platform (i) does not involve V-domain engineering and is applicable over a wide range of different germline genes, (ii) reliably creates HC-LC heterodimerization when coupled to a HC dimerization technology such as KIH and (iii) is compatible with k and l isotypes it should be a generic platform that can be widely applied to other antibodies for bio-pharmaceutical development of molecules where monovalent binding to targets offer distinct advantage. Although the studies presented here are done with transiently expressed DuetMab, we have preliminary positive results indicating that when the expression of the different chains are balanced, DuetMab antibodies can be produced from engineered stable cell lines at yields comparable to those of conventional IgG antibodies and we hope to report on this in the future.
Materials and Methods
Design of alternative cysteine in C H 1-C L interface and generation of a benchmark and reference standard for measuring bispecificity
To ensure correct chain pairings in our monovalent bispecific IgG, we remodeled the C H 1-C L interface of one pair of heavy and light chains. The other pair was left unaltered. For the engineered interface, the 2 cysteines in C H 1 and C L that form the wild-type interchain disulfide bond were mutated to valines. A pair of new cysteines was introduced at a different location in the C H 1-C L interface to form the engineered disulfide bond. The positions for the new pair of cysteines were selected by screening 3 different position pairs in the C H 1-C L interface for CH1, Ck and Cl ( Table 1) . The position for these residues remains the same for both kappa (k) and lambda (l) constant domains. Two criteria 35 were used to identify pairs of amino acids in C H 1-C L interface suitable for substitution to cysteines: (i) a distance of 5.0-7.0 A between corresponding a-carbons, similar to that found in naturally occurring disulfide bridges and (ii) the b-carbons pointing toward each other with a distance of 4.0-5.0 A . Variants carrying a native disulfide bridge in one C H 1-C L interface and an alternative interchain disulfide in the other C H 1-C L interface were screened for correct assembly as monovalent bispecific IgG antibodies by AlphaLISA. For heterodimerization of the 2 heavy chains we employed the KIH technology and the addition of the stabilizing disulfide bridge in C H 3. 36 We used 2 in-house antibodies to establish the platform. One targeted RAGE and the other targeted IL-6. The HC for the RAGE antibody had the knob mutations 37 and the HC of the IL-6 antibody had the hole mutations in the C H 3. 37 The cysteines in the C H 1 and C L of the anti-RAGE antibody were mutated to valines and a new pair of cysteines was introduced in separate constructs according to the positions shown in Table 1 . The C H 1 and C L of the anti-IL-6 antibody had wild-type sequences. To determine correct pairing of cognate heavy and light chains, plasmids coding for the anti-RAGE and anti-IL6 were expressed together and tested for bispecificity by concurrent binding to RAGE and IL-6 proteins in an AlphaLISA assay (described below). Briefly, simultaneous binding to IL-6 and RAGE antigens brought the donor and acceptor beads into close proximity, which resulted in a recordable signal. 
Construction of pDuet-Heavy and pDuet-Light vectors for production of DuetMab antibodies in mammalian cells
A significant problem in the production of bispecific IgGs is the formation of by-products and difficulties of removing them. Two plasmids were used for DuetMab expression. The pDuetHeavy is a bicistronic plasmid and codes for the 2 HCs. The first cassette in this plasmid codes for the HC with the hole mutations in C H 3, while the second expression cassette codes for the knob mutation in the C H 3 and the F 126 C mutation in the C H 1. Because non-stoichiometric expression of the 2 chains can lead to the formation of hole-homodimers and hole half-IgG byproducts, 13,14 2 additional mutations were introduced into the hole containing C H 3 to facilitate selective purification of correctly assembled DuetMabs. Histidine 435 was mutated to arginine (H 435 R) because this mutation is known to ablate protein A binding. 38 Because arginine 435 co-occur with phenylalanine 436 in human IgG3 we also changed the tyrosine at position 436 to phenylalanine (Y 436 F) to minimize potential immunogenicity of the DuetMab molecules. These two mutations, referred to as "RF" enabled easy removal of hole-hole homodimers and hole half-IgG byproducts during protein A purification of DuetMabs. Likewise, the pDuet-Light vector, is a bicistronic plasmid and codes for the 2 LCs. The second LC codes for the S 121 C mutation in the C L .
Expression and purification of DuetMab antibodies
Antibodies were produced by transient co-transfection of HEK293F cells with pDuet-Heavy and pDuet-Light expression vectors using 293fectin TM (Invitrogen) in serum-free Freestyle TM medium (Invitrogen) according to the supplier's recommended procedures. Cell culture supernatants were harvested 6 days after transfection, filtered through a 0.22 mm sterile filter and the concentration of antibodies in cell-culture supernatants was measured by protein A Biosensors on an Octet384 instrument (ForteBio) in accordance with the manufacturer's protocol. Antibodies were purified by protein A affinity chromatography using MabSelect SuRe resin (GE Healthcare) in accordance with the manufacturer's protocol and were subsequently buffer exchanged in PBS (pH 7.2). The concentrations of purified antibodies were determined by reading the absorbance at 280 nm using the theoretically determined extinction coefficient for that protein. Purity was assessed by SDS-PAGE, SEC and RP-HPLC and other analytical techniques as described below.
AlphaLISA for identification of best position in C H 1-C L interface for engineering disulfide bond All AlphaLISA reagents were from PerkinElmer. Incubation steps with AlphaLISA beads were performed under subdued lighting at room temperature. Assays were performed in white 96-well half-area OptiPlates. Antibody samples (Reference standard, benchmark, KIH bispecific and variants 1, 2 and 3) at 0.1 mg/ml were incubated with 10 nM FLAG-tagged RAGE and biotinylated IL-6 proteins and 40 mg/ml AlphaLISA anti-FLAG Acceptor beads in 1X AlphaLISA Immunoassay Buffer for 1 h at room temperature. This was followed by the addition of Streptavidin-coated AlphaLISA Donor beads at 400 mg/ml. The mixture was incubated for 30 min, after which the assay plates were read on an EnVision plate reader (PerkinElmer). The two AlphaLISA beads can be brought into proximity only by a true bispecific molecule. Therefore, the measure of the AlphaLISA signal was taken as a measurement of the bispecificity. Since the benchmark sample was purified by two-step affinity chromatography using RAGE and IL6 matrix, it is reasonable to assume that it has 2 distinct antigen binding specificity, and therefore the signal produced by it was arbitrarily taken to mean nearly 100% bispecificity.
Analytical size-exclusion chromatography Protein samples at 100 mg/ml were applied onto a TSK-gel G3000SWxL column (Tosoh Biosciences) at ambient column temperature. The samples were eluted isocratically with a mobile phase composed of 0.1 M sodium phosphate, 0.1 M sodium sulfate and 0.05% sodium azide, pH 6.8 at a flow rate of 1.0 mL/ min over 20 minutes using an Agilent 1200 HPLC system. Eluted protein was detected using UV absorbance at 280 nm.
LC-MS of intact, deglycosylated, reduced and papaindigested samples
The deglycosylation was carried out by treating the proteins with PNGase F (QA-Bio LLC) at pH 7.4 and Endoglycosidase F2 (Sigma-Aldrich) at pH 4.5. Papain digestion was performed in a solution of 8 mg/ml papain (Sigma-Aldrich) in presence of 0.5 mM cysteine, pH 7.0. An ACQUITY/Q-Tof Premier LC-MS system (Waters) was used for antibody analysis and identification. Each sample was injected onto a 2 £ 150 mm PRLP-S polymer column (8 mm, 4000A, Michrom Bioresources) at 0.2 ml/min. Mobile phase A was 0.1% trifluoroacetic acid (TFA) in HPLC grade water. Mobile phase B was 0.1% TFA in acetonitrile. Except for the separation of intact molecules, for which a gradient of 20% B to 60% B for 60 min was used, all the separations were carried out with a gradient of 25% B to 45% B for 30 min. The final concentration of each protein sample was »1 mg/ml, and 10 ml was used for loading into the column. The MS signals were deconvoluted with MaxEnt 1, part of MassLynx software of Waters, which was used to control the LC-MS system and collect data.
Lys-C Peptide mapping
Free thiol groups in the sample were first capped using 1 mM N-ethylmaleimide. The sample was then denatured in a solution of 6 M guanidine in phosphate buffer, pH 7.0 at 37 C for 30 min. The denatured solution was diluted 2.5-fold with 100 mM phosphate buffer containing 0.06 mM EDTA at pH 7.0. Endoproteinase Lys-C was added at a 1:10 enzyme:protein ratio and the reaction mixture was incubated at 37 C for 16 h. Additional Lys-C was added at a 1:10 enzyme:protein ratio and incubated for a further 4 h at 37 C. Following Lys-C digestion, half of each reaction mixture was reduced by adding DTT to a final concentration of 30 mM and incubating at 37 C for 15 min. The other half of the reaction mixture was prepared without reduction. The digested peptides were separated by RP-HPLC on a BEH300 C18 column (1.7 mm, 2.1 £ 150 mm) and analyzed by a UV detector and an on-line LTQ Orbitrap mass spectrometer (ThermoElectron). The RP-UPLC mobile phase A was 0.02% TFA in water and the mobile phase B was 0.02% TFA in acetonitrile. Samples were eluted using a gradient of increasing buffer B. Peptides were identified and analyzed by comparing the results from the non-reduced and reduced peptide maps. The sequence of each peptide was identified using MS and confirmed using MS-MS (peptide mass sequencing), based on the known sequence of the protein. Disulfide bonded peptides were confirmed by MS data as peptides that were present only in the nonreduced sample. Free thiols were calculated based on the areas of selected ion chromatogram (SIC) for N-ethylmaleimide-labeled peptide divided by the areas of the corresponding reduced peptide.
Structure determination
For structural studies, the DuetMab Fab carrying the alternative interchain disulfide bond between C 126 of HC and C 121 of LC was produced by transient expression in HEK293F cells, purified over a cation exchange column (HiTrap SP HP [GE, CT]) and polished on a size exclusion chromatography column (Superdex 75 10/300 GL). DuetMab Fab was concentrated to »19 mg/ml in 10 mM Tris, pH 8.0 and 100 mM NaCl, and subjected to crystallization trials using the automated Phoenix robotic system (Art Robbins Instruments, CA). Crystals were obtained only after using seeds from an unrelated Fab. The crystal used for data collection was grown by the sitting drop vapor diffusion method with a reservoir solution (0.3 ml) containing 0.018 M of each of the following salt solutions CaCl 2 , CoCl 2 , and CdCl 2 , 18% PEG 3350 and 5% glycerol. Drops consisting of 2.0 ml protein C 1.0 ml precipitant mixed with 100£ diluted seed stock were set up at room temperature where crystals appeared within 3-7 days. The crystals were cryoprotected by soaking in well solution supplemented with increasing concentrations of glycerol (5% per step with 5 steps) to a final concentration of 30%, then flash cooled and stored in liquid nitrogen until data collection. One diffraction data set from a single crystal was collected at a wavelength of 0.97931 A and temperature of 100 K at the IMCA-CAT 17ID beamline of the Advanced Photon Source of the Argonne National Laboratory (University of Chicago, Chicago, IL) equipped with a PILATUS 6M detector. The 0.5 images were collected with exposure time of 0.8 s per frame. Data were processed using the XDS 39 package. Data statistics are presented in Table S3 . The best solution in molecular replacement was found when V H -V L and C H 1-C L domain pairs were used as separate models. The structure was then refined with REFMAC5 40 using all data in the resolution range of 15 A to 2.2 A
. Water molecules were placed in the electron density peaks within hydrogen bond distances from protein atoms. The refinement statistics are given in Table S3 . All crystallographic calculations were performed with the CCP4 suite of programs. 23 Model building was carried out using the program "O." 41 Figures were prepared with PyMOL (Schrodinger). The atomic coordinates and structure factors of the DuetMab Fab were deposited with the Protein Data Bank under accession number 4UB0.
Differential scanning calorimetry analysis DSC experiments were performed using a Microcal VP-DSC scanning microcalorimeter (Microcal). All solutions and samples used for DSC were filtered using a 0.22 mm filter and degassed prior to loading into the calorimeter. Antibodies used for the DSC studies were >98% monomeric as determined by analytical SEC. Prior to DSC analysis all samples were exhaustively dialyzed (at least 3 buffer exchanges) in 25 mM histidine-HCl (pH 6.0). Buffer from this dialysis was used as reference buffer for subsequent DSC experiments. Prior to sample measurement, baseline measurements (buffer versus buffer) were subtracted from the sample measurement. Dialyzed samples (at a concentration of 1 mg/ml) were added to the sample well and DSC measurements were performed at a 1 C/min scan rate. Data analysis and deconvolution were carried out using the Origin TM DSC software provided by Microcal. Deconvolution analysis was performed using a non-2-state model and best fits were obtained using 100 iteration cycles. The T m,onset is defined as the qualitative temperature at which the thermogram appears to have a nonzero slope, 42 The T m is defined as the temperature at which half of the molecules in a set are unfolded, and is calculated as the temperature value corresponding to each peak maximum on the thermogram. 42 Biochemical binding assays Kinetic measurements to EGFR and HER2 proteins were measured by biolayer interferometry on an Octet384 instrument (ForteBio). Antibodies at 10 mg/ml in PBS pH 7.2, 3 mg/ml BSA, 0.05% (v/v) Tween 20 (assay buffer) were captured on anti-human IgG Fc capture (AHC) biosensors (ForteBio). The loaded biosensors were washed with assay buffer to remove any unbound protein before carrying out association and dissociation measurements with serial dilutions of EGFR or HER2 for the indicated times. Kinetic parameters (k on and k off ) and affinities (K D ) were calculated from a non-linear fit of the data using the Octet384 software v.7.2.
Concurrent binding studies to EGFR and HER2 proteins were performed in 2 formats. In the first format, purified antibodies were loaded on AHC biosensors as described above and then subjected for sequential associations, first with HER2 at 150 nM followed by incubation with EGFR and HER2, each at 150 nM. A terminal dissociation was carried out by subsequent incubation in assay buffer. In the second format, streptavidin (SA) biosensors (ForteBio) were used to capture biotinylated antigens at 5 mg/ml in assay buffer. Following a washing step, the loaded biosensors were subjected to successive association and dissociation interactions, first with 150 mM of the antibodies and then with the alternate antigen at 150 nM.
Kinetic measurements to recombinant human FcRn and Fcg receptors were performed on a surface plasmon resonance-based ProteOn XPR36 biosensor (Bio-Rad) using steady state equilibrium binding assay. Antibodies at 50 mg/ml were immobilized on a GLC chip surface in 10 mM Na acetate buffer, pH 5.0 (Bio-Rad). Serial dilutions of either Fcg receptors in PBS, pH 7.4, 0.005% Tween 20 (v/v), 3 mM EDTA or human and cynomolgus FcRn in 50 mM sodium phosphate, pH 6.0, 150 mM NaCl were passed over the immobilized surface. Binding studies were performed at room temperature, and equilibrium binding rates of each analyte were determined and used to calculate equilibrium dissociation constants (K D ).
Preferential binding assays
Binding properties of CD4-CD70 DuetMab were assessed using lymphocyte populations expressing only one or both of the target antigens. Improved selectivity was measured in a combined culture system in which each cell type could be identified by tracer dyes. CD4
C CD70 C cells were labeled with CellTrace TM Violet (Invitrogen), CD4 C CD70 ¡ cells with eFluor Ò 670 (eBioscience), and CD4 ¡ CD70 C cells were left unstained. Cells at 1 £ 10 6 were washed twice with FACS Buffer (Phosphate Buffered Saline pH 7.2, 2% FBS, 2 mM EDTA and 0.1% Sodium Azide), combined at 1:1:1 ratio and incubated with serial dilutions of CD4-CD70 DuetMab and incubated at 4 C for 3 h. After washing with FACS buffer, cell-bound antibody was detected with PE-labeled anti-human Fc g (Jackson ImmunoResearch). Analysis was performed on an LSR II (Becton Dickinson) instrument and results were analyzed with the FlowJo program. Based on physical properties (height, width and density) only single cells were gated for analysis. To determine concurrent engagement of 2 antigens by cell-bound DuetMab, each cell population was examined individually using biotinylated soluble CD4 and CD70 and analyzed by flow cytometry using BV421-streptavidin (Biolegend) to detect any free antigen binding arm in the cell-bound DuetMab.
Improved selectivity of EGFR-HER2 DuetMab was similarly assessed as above in a 1:1:1 mixed population of SK-OV3, SKBr3 and A431 cells. SK-OV3 and SKBr3 cells were prelabeled with CellTrace TM Violet and eFluor Ò 670 stain, respectively, and A431 was kept unlabeled. Quantitative analysis of receptor density on the 3 cell lines was performed with QIFIKIT (DAKO) according to the manufacturer's instructions. Briefly, 1 £ 10 6 cells were incubated with anti-EGFR mouse mAb (BioLegend) or anti-HER2 mouse mAb (R&D Systems) at saturating concentrations of 10 mg/ml in FACS buffer for 1 h at 4 C. After washing twice with FACS buffer, AlexaFluor Ò 488 -conjugated goat anti-mouse IgG F(ab )2 (Molecular Probes) at 20 mg/ml was added for 45 min at 4 C. Optimal primary and secondary antibody concentrations were determined by titration. QIFIKIT Bead standards coated with defined amounts of anti-CD5 mouse mAb were labeled in parallel under the same conditions described above. Data acquisition and analysis, including linear regression of the calibration curve and calculation of antigen density, was completed according to the manufacturer's instructions. The density of each of the 2 receptors on the cell lines were as follows: A431 (EGFR: 83. . To determine concurrent engagement of 2 antigens by cell-bound DuetMab, each cell population was examined individually using biotinylated soluble EGFR and HER2 and analyzed by flow cytometry using BV421-streptavidin (Biolegend) to detect any free antigen binding arm in the cell-bound DuetMab.
Cell viability assay
Cell viability was measured by the CellTiter-Glo Ò Luminescent Cell Viability Assay (Promega) kit. NCI-H358 cells were seeded in 96-well plates at a density of 5 £ 10 3 cells/well in DMEM supplemented with 10% FCS. Antibodies at various concentrations were added to quadruplicate samples, and the cells were incubated for 96 h at 37 C in 5% CO 2 atmosphere. After treatment, the cells were exposed to the CellTiter-Glo Ò reagent for 20 min and the luminescent was measured using an EnVision plate reader (PerkinElmer). The IC 50 values were defined as the antibody concentrations inhibiting cell growth by 50%.
ADCC assay ADCC activities were measured by the CytoTox 96 NonRadioactive Cytotoxicity Assay (Promega) kit. SK-OV3 cells were seeded in 96-well plates at a density of 2 £ 10 4 cells/well in RPMI-1640 without phenol red and supplemented with 5% FBS. A human NK cell line (KC1333) from a malignant nonHodgkin's lymphoma transgenic for human CD16 (FcgRIIIA) and FceRIg (Xellerex/Biowa) were mixed with target cells at an E:T ratio of 2.5:1. Antibodies at various concentrations were added to quadruplicate samples, and the cells were incubated for 16 h at 37 C in 5% CO 2 atmosphere. After treatment, the cells were exposed to the CytoTox 96 reagent for 30 min and OD at 490 nm was measured using a Spectramax 340PC plate reader.
Antitumor activity assay NCI-H358 cells were implanted subcutaneously into the right flank of 5-7 week old female athymic nude mice (Harlan). Tumors were allowed to reach approximately 160 mm 3 when mice with a uniform tumor volume were sorted into study groups of 10 animals each. Different groups were treated twice a week, intraperitonially, with one of the following: 5 mg/kg of EGFR-HER2 DuetMab, EGFR-NMGC DuetMab, HER2-NMGC DuetMab; a combination of EGFR-NMGC DuetMab and HER2-NMGC DuetMab each at (5 mg/kg); and parental NMGC IgG as a negative control. Tumors were measured at 3 day intervals with calipers and tumor volume was calculated as [L(length) £ W 2 (width)]/2.
Pharmacokinetic analysis
Eight-week-old female SCID and human FcRn transgenic mice (Jackson Laboratory, Tg276, hemizygous for huFcRn, ref. 26 ) were injected intravenously with transtuzumab, cetuximab or EGFR-HER2 DuetMab at a dose of 10 mg/kg and 2.5 mg/kg, respectively. Approximately 150 ml of blood was collected retro-orbitally at different time points. At the last time point blood was collected by cardiac puncture before mice were terminated. The concentration of human antibodies in the serum was determined by ELISA. Mouse anti-human IgG Fc fragment specific antibody (Jackson ImmunoResearch) was used to capture the human antibodies from serum samples and goat anti-human Fab conjugated with horse radish peroxidase (Sigma) was used for detection. Plates were read on an EnVision plate reader (PerkinElmer) and the pharmacokinetic parameters were obtained by non-compartmental analysis using model 201.
